We demonstrate experimentally and numerically the first ever observation of optical activity in a chiral metamaterial that is underpinned by the exotic resonant combination of an electric quadrupole and the elusive toroidal dipole.
Optical activity is a ubiquitous manifestation of chirality, i.e. the property by which a pattern or structure cannot be superimposed with its mirror image. As such, optical activity can be observed in a wide variety of natural and artificial anisotropic structures and can be characterized as the rotation of linearly polarised light (circular birefringence) and differential absorption of circular polarisation (circular dichroism). In terms of the microscopic material response, optical activity can be conventionally understood within the dipole approximation of the multipole expansion, in which the incident light interacts with collinear electric and magnetic dipoles [1] . The contributions of higher order multipoles are usually considered negligible, however metamaterial engineering allows for designs where a conventional multipole response is suppressed in favour of more exotic excitations, including the elusive toroidal dipole.
First discussed by Zel'dovich in 1958 [2] , the toroidal dipole has recently been identified as an essential component of the microscopic response in certain metamaterial structures [3] . Owing to the angular momentum and parity properties of the toroidal dipole [4] it is anticipated that the toroidal dipole could contribute to optical activity in a similar manner to an electric dipole [5] . To demonstrate this, we design and fabricate a metamaterial unit cell consisting of four split ring resonators embedded in a low loss dielectric slab [ Fig. 1 (a-b) ]. The arrangement of the unit cells gives rise to structural chirality in the resultant metamaterial array [ Fig. 1 (c) ]. Experimental and simulated results reveal two bands of resonant circular dichroism in the metamaterial's transmission spectrum at ν 1 and ν 2 [ Fig. 2 (a) ]. In order to evaluate the microscopic origin of the optical activity at these resonances, the charge-current multipoles excited within the structure are evaluated from the simulations, following the methodology established in [3, 6] . From this, we identify that the optical activity exhibited at ν 1 can be understood in terms of the excitation of collinear electric and magnetic dipoles, corresponding to textbook optical activity. At ν 2 however, the contributions of the electric and magnetic dipoles become secondary, with to the observed circular dichroism being underpinned by the previously unexplored and intriguing combination of an electric quadrupole and a non-negligible toroidal dipole. [ Fig. 2 (b-c) ]. This represents a new kind of optical activity we term 'toroidal optical activity'. Fig. 2 (a) gives the experimentally-obtained metamaterial transmission spectrum for RCP(+) and LCP(-). Two resonant bands of circular dichroism are identified at ν1 and ν2. (b) and (c) show the normalised absolute value (log scale) of the electric and magnetic fields respectively and associated field arrows around a unit cell under excitation from LCP at ν2. The electric field shows an electric quadrupole distribution, whilst the magnetic field shows a toroidal dipole distribution, as indicated by the electric dipole (green arrows) and magnetic dipole (blue arrows) alignment.
We reinforce this conclusion by making an examination of the polarisation eigenstates of the metamaterial system, and explicitly demonstrating the roles of the aforementioned multipole pairs in shaping these eigenstates. It is shown that upon removal of the corresponding multipole pairs from the metamaterial response at ν 1 and ν 2 , the polarisation eigenstates change from elliptically polarized to almost linear states, corresponding to an optically inactive, anisotropic material. This confirms the role of the electric quadrupole and toroidal dipole excitations in the observed optical activity.
It is anticipated that this new form of optical activity is not restricted to artificial structures. Such an exotic multipole combination is expected to be present as a dominant or strongly contributory component of the optical activity in a wide variety of structures with toroidal topology, which are ubiquitous across the fields of chemistry and biology.
